Purpose: To identify the molecular genetic cause in four families of various ethnic backgrounds with cornea plana. Methods: Detailed ophthalmological examination and direct sequencing of the KERA coding region in five patients of Czech and Turkish origin and their available family members. Results: Compound heterozygosity for a novel missense mutation c.209C>T; p.(Pro70Leu) and a novel splice site mutation c.887-1G>A in KERA were detected in two affected siblings of Czech origin. In silico analysis supported the pathogenicity of both variants. The second proband of Czech origin harboured c.835C>T; p.(Arg279*) in a homozygous state. Homozygous mutations c.740A>G; p.(Asn247-Ser) and c.674C>T; p.(Ile225Thr) were identified in the Turkish probands, both born out of consanguineous marriages. Observed ocular phenotypes were typical of cornea plana with the exception of one Czech patient who also had marked thinning and protrusion in the superior part of the left cornea (mean keratometry 47.2 D). No corneal endothelial cell pathology was found by specular microscopy in seven eyes, in three eyes visualization of the posterior corneal surface was unsuccessful. Conclusion: KERA mutation c.740A>G has been identified to date in three different populations, which makes it the most frequently occurring mutation in patients with cornea plana. Marked corneal thinning and ectasia are a very rare finding in this disorder and longitudinal follow-up needs to be performed to determine its potential progressive nature.
Introduction
Autosomal recessive cornea plana (OMIM #217300) is a rare disorder without systemic abnormalities, characterized by the presence of small, flat corneas resulting in high hyperopia and a shallow anterior chamber, widened limbal zone and is variably associated with a centrally located stromal opacity (plaque) and iris abnormalities (Pellegata et al. 2000; Khan et al. 2006a,b; Khan 2007 ). Unusual, rare features include corneal ectasia, potentially leading to hydrops and idiopathic corneal decompensation (Khan et al. 2005 (Khan et al. , 2006a Liskova et al. 2007 ; AlBakri & Khan 2016) .
The disorder is caused by bi-allelic mutations in KERA gene. This gene encodes keratocan, a small leucine-rich proteoglycan, required to generate the proper diameter and spacing of corneal stromal fibres (Kao & Liu 2002; Liu et al. 2003) .
Herein, we report on the results of molecular genetic analysis of KERA in four families with cornea plana of different ethnic backgrounds. All but one patient with corneal ectasia presented with an ocular phenotype characteristic of this disorder.
Materials and Methods

Clinical examination
The study was approved by the relevant research ethics committees and adhered to the tenets set out in the Helsinki Declaration. All participants signed informed consent prior to inclusion into the study.
Four families with the occurrence of cornea plana were investigated in total; two affected siblings born to unrelated Czech parents, another previously unreported Czech proband and two probands of Turkish origin, both living in Belgium. Unlike the Czech families, the latter two patients reported parental consanguinity.
Best-corrected visual acuity (BCVA) was established either using Snellen or e87 LogMAR charts, all converted to decimal values. Intraocular pressure was measured by ICare tonometer (Iolat Ov, Helsinki, Finland) or Goldmann applanation tonometry. In the Czech patients keratometry, anterior chamber depth (ACD) and axial length were measured with the IOLMaster V.5 (Carl Zeiss Meditec AG, Jena, Germany). In patients from Belgium, these measurements were made with the Lenstar (Haag-Streit AG, Koeniz, Switzerland). In the Czech patients corneal endothelium including cell density (ECD) was evaluated by specular microscope Noncon ROBO Pachy SP-9000 (Konan Medical Inc., Tokyo, Japan) and in the other probands by Topcon SP-2000P (Topcon, Europe Medical BV, Capelle a/d IJssel, the Netherlands). Anterior segment spectral domain optical coherence tomography (SD-OCT) (Ophthalmic Technologies Inc., Toronto, ON, Canada and Spectralis, Heidelberg Engineering GmbH, Heidelberg, Germany) was used to visualize the stromal plaque and to measure the thickness of corneal cross sections. Corneal topography using Pentacam (Oculus Inc., Wetzlar, Germany) failed to pass the internal quality check in all patients despite repeated examinations.
Molecular genetic analysis
Direct sequencing of the KERA coding region was performed as previously described (Liskova et al. 2007 ). NM_ 007035.3 and NG_021223.1 were taken as the reference sequences. Mutation description followed the HGVS guidelines (http://www.hgvs.org/mutnomen/). Missense changes were scored for disease effect using a range of prediction tools; PROVEAN (Choi et al. 2012) , SNPs&GO (Calabrese et al. 2009 ), MutPred (Li et al. 2009 ), SIFT (Kumar et al. 2009 ), PolyPhen-2 (Adzhubei et al. 2010) and MutationTaster (Schwarz et al. 2010) . As cDNA was not available to experimentally evaluate the effect of one mutation located at the intron-exon boundary on pre-mRNA splicing, splice site prediction tools Human Splicing Finder (Desmet et al. 2009 ), NNSPLICE (Reese et al. 1997) , MaxEntScan (Yeo & Burge 2004) and NetGene2 were applied (Brunak et al. 1991) .
Evolutionary amino acid conservation of affected residues was visualized by multiple sequence alignment using T-Coffee (Di Tommaso et al. 2011) . Public variant database ExAc (Exome Aggregation Consortium, http://exac.b raoadinstitute.org) was searched for the frequency of the detected sequence changes (accessed 8 February 2017). Population frequency specific to the Czech population was further checked in 1732 chromosomes available in house through the next-generation sequencing projects of The National Centre for Medical Genomics (http:// ncmg.cz/en).
Results
Two affected male siblings aged 20 and 13 years were examined in the Department of Ophthalmology, First Faculty of Medicine, Charles University and General University Hospital in Prague.
The older brother had in the right eye abnormally low keratometry readings, shallow anterior chamber, hyperopic refractive values, indistinct limbus and central corneal opacity (Table 1 and Fig. 1A ,B). Spectral domain optical coherence tomography (SD-OCT) imaging showed previously described flattened posterior surface bordered by a circle of thinning in the midperipheral cornea (Rantala & Majander 2015) (Fig. 1C ). In the left eye, however, abnormally steep keratometry readings (K1/K2 44.47/49.93 D) were found (Table 1) . Available medical records documented reduction of BCVA in the left eye from 0.5 to 0.3 and change in cycloplegic refraction from +3.00/ À4.50 9 90°to À4.75/À6.75 9 53°b etween 18 and 20 years of age. Superior corneal thinning and ectasia were clearly distinguishable biomicroscopically and on anterior segment SD-OCT ( Fig. 1D-F) . Only one image could be captured paracentrally by specular microscopy in the right eye, but normal corneal endothelial cell morphology was found (Fig. S1A) .
In the younger brother both eyes exhibited findings consistent with cornea plana diagnosis (Table 1) , including the presence of an indistinct limbus and incipient central corneal opacity surrounded by a thinner rim (Fig. S1B,  C) . Normal corneal endothelial cell density and morphology were found bilaterally.
The second proband of Czech origin was a 70-year-old female, who Normal values of ACD using IOLMaster 3.36 AE 0.41 mm (Frisch et al. 2007) .
Normal values of ACD using Lenstar 2.93 presented with typical corneal findings indicative of cornea plana, including an arcus senilis (Fig. S1D, E) . In addition, she also had bilateral rotatory nystagmus. Spectral domain optical coherence tomography (SD-OCT) also confirmed the presence of flattened posterior corneal surface in the area of central opacity and thinning at the edge (Table 1 , Fig. S1E, F) . A Turkish male and an unrelated Turkish girl, both living in Belgium, were examined in the Department of Ophthalmology at the Ghent University Hospital and the Queen Fabiola Children's University Hospital in Brussels, respectively. In both patients, a diagnosis of cornea plana was made, based on the typical clinical findings described above (see Table 1 ). In the 18-year-old male, slit lamp examination revealed central corneal plaque with thinning at its borders (Fig. S1G) . These findings were also discernible on SD-OCT. Specular microscopy was normal with an endothelial cell density of more than 3500 cells/mm 2 in both eyes (Table 1, Fig. S1H ). In the 5-yearold Turkish female, the corneal endothelium did not show any pathology either, although a difference in cell density of 497 cells/mm 2 between the two eyes was found (see Table 1 ), which was considered to be non-significant, related to examination difficulties due to her young age.
None of the patients had additional anomalies of the iris.
All measurements taken in patients with cornea plana who took part in our study are summarized in Table 1 .
Sequencing of KERA revealed two novel compound heterozygous mutations; c.209C>T; p.(Pro70Leu) and c.887-1G>A in the first Czech family (Fig. 2A) ; c.835C>T; p.(Arg279*) in a homozygous state in the second Czech family (Fig. 2B) and two previously reported homozygous pathogenic mutations; c.740A>G; p.(Asn247Ser) in the first family of Turkish origin (Fig. 2C ) and c. 674C>T; p.(Ile225Thr) in the second family of Turkish origin (Fig. 2D) . All missense mutations identified in this study are located in leucine-rich repeats domains (Roos et al. 2015) . ExAC data set shows that c.740A>G and c.209C>T have been detected in the general population, albeit with a low frequency (Table S1) which is consistent with recessive inheritance. None of the identified mutations was found in 866 unrelated Czech individuals without cornea plana. Prediction algorithms as well as high conservation across species supported pathogenic nature of all variants detected (Table S2 and S3 and Fig. S2 ).
Discussion
Cornea plana is a very rare trait. So far only 11 KERA mutations in patients from seven different ethnic backgrounds have been reported (Pellegata et al. 2000; Khan et al. 2004; Ebenezer et al. 2005; Liskova et al. 2007; Dudakova et al. 2014; Roos et al. 2015; Kumari et al. 2016) . Herein, we report on the phenotype and identification of disease-causing mutations in five previously unreported patients from two Turkish families, both living in Belgium, and two families of Czech origin with cornea plana, with compound heterozygosity for two novel KERA mutations in one of them.
Available literature suggests that the ocular phenotype of cornea plana does not vary significantly with different mutations in KERA (Khan et al. 2006a (Khan et al. ,b, 2009 Liskova et al. 2007 ). Consistent with that, all but one patient in our cohort exhibited a typical corneal phenotype without endothelial abnormalities. The only rare phenotypical finding in the current study was in a 20-year-old Czech male. His clinical records indicated high hyperopic and astigmatic correction for both eyes evolving towards myopic astigmatism in the left eye over 2 years, presumably due to thinning and protrusion of the superotemporal corneal quadrant.
Two novel mutations c.209C>T and c.887-1G>A were identified in a compound heterozygous state in one of the Czech families. The proband of the second Czech family was homozygous for c.835C>T; p.(Arg279*). This mutation has been previously found in a compound heterozygous state in another Czech patient and in a homozygous state in one Saudi family with cornea plana (Khan et al. 2005; Dudakova et al. 2014) . A known KERA mutation c.674C>T; p.(Ile225Thr) in a homozygous state was found in one of the Turkish probands. This pathogenic variant was previously reported in another family of Turkish origin (Roos et al. 2015) . The other Turkish proband was homozygous for c.740A>G; p.(Asn247-Ser) previously observed in a large cohort of Finnish families and one British family with cornea plana (Pellegata et al. 2000; Liskova et al. 2007 ).
ExAC data set shows that it was found in a heterozygous state in 66 individuals of European descent of 36,488 corresponding to an allele frequency of 0.0005468; while it was not present in 23,860 individuals of African, East Asian, Latino and South Asian populations. This supports a hypothesis that c.740A>G is a founder mutation specific to the European population (Liskova et al. 2007) . Also, an earlier study investigating haplotype of single nucleotide polymorphisms around KERA in one Finnish patient and two UK patients homozygous for this particular mutation showed sharing of an extended haplotype (Pellegata et al. 2000; Liskova et al. 2007) .
To date the c.674C>T; p.(Ile225Thr) in KERA has been only observed in Turkish population suggesting a common founder. All three missense mutations found in our study were located within the leucine-rich repeat domain, which is essential for binding between keratocan and the collagen fibrils in the corneal stroma during development (Roos et al. 2015) .
Both parents of the Belgian Turkish probands were not available for mutation segregation analysis. Although a gene deletion on one allele, leading to pseudo-homozygosity therefore cannot entirely be excluded, we consider this scenario as unlikely because of parental consanguinity in both sets of parents. However, in the Czech proband who is homozygous for c.835C>T; p.(Arg279*) pseudo-homozygosity remains an option even though both her sons were tested to be heterozygous for this change.
In the first report on KERA mutations in the Czech population (Dudakova et al. 2014), a hypothesis was proposed that a founder effect may be present as previously several patients with cornea plana were described in this particular geographical area (Forsius 1961) . The identification of two novel KERA mutations as well as a previously reported pathogenic variant c.835C>T; p.(Arg279*) does not exclude a possible founder effect. Alternatively, the condition may be just underdiagnosed and/or unreported in many countries.
*Contributed equally to the study This work was supported by UNCE 204011 and PROGRES-Q26/LF1 programs of the Charles University. We thank The National Centre for Medical Genomics (LM2015091) for providing ethnically matched population frequency data. PS was supported by GAUK 250361/2017. The authors would like to thank Martin Meli ska for his technical assistance with SD-OCT data generation and analysis. BPL is a Senior Clinical Investigator of the Research Foundation-Flanders (Belgium) (FWO). This study was performed within the framework of ERN-EYE.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Figure S1 . Corneal imaging in patients with cornea plana. Figure S2 . Evolutionary conservation of the KERA protein. Table S1 . Mutations in KERA coding region and intron-exon boundaries identified in four families with cornea plana. Table S2 . In silico analysis of rare KERA missense variants detected in the current study. Table S3 . In silico analysis of KERA mutation potentially affecting splicing identified in the current study.
